The augmentor on a modern aircraft gas turbine engine provides significant thrust augmentation which is critical to the performance and mission of tactical aircraft. This paper provides an overview of gas turbine augmentor operation, design, combustion oscillation and augmentor performance in military aircraft. Some of the fundamental technical challenges being faced by augmentor designers will be discussed briefly. This paper will also outline critical needs in terms of fundamental combustion sciences and engineering required to support design methods for advanced augmentors. The state of the art design methodology used by engine manufacturers will be discussed including a description of technological trends in augmentors including geometry. Combustion stability and overall performance will be presented.
Introduction
The term "augmentor" is used synonymously with "afterburner" or "reheat" which by definition describes "an auxiliary burner attached to the tailpipe of a jet engine for the purpose of injecting fuel into the hot exhaust gases and burning it to provide extra thrust." Military aircraft require rapid increases in thrust for flight operations that include takeoff, climb, missile evasion, and combat maneuvers such as high-G turns (high gravity turn). In its standard configuration, the gas turbine engine cannot meet the demanded performance levels for these operations. An additional component, the augmentor, provides the demanded increase in thrust to the aircraft over short periods of time. The thrust capability of an engine may be augmented by an additional 50-100 percent for short durations to meet these maneuvering requirements.
The augmentor provides this capability without a significant penalty in weight or complexity to the engine. In stealth-era engine designs, the requirement to minimize exhaust gas radar signature has added complexity to augmentor design. The performance penalty for augmentor operation is an increase in specific fuel consumption, and associated increase in engine noise. The newer engine designs also require an adjustable throat area nozzle so that the engine overall pressure ratio can be optimized for efficient operation with and without augmentation, enabling super cruise capability (Refs. 1-13).
The augmentor is designed to inject liquid fuel directly into the exhaust flow using a set of fuel injectors (spray bars), a flame holder and pilot flame, and a large cylindrical cavity in which the fuel combustion takes place. The augmentor exhaust products exit through a variable geometry nozzle. The injected liquid fuel is atomized by shearing due to the turbine exhaust flow. It then evaporates and mixes with the available oxygen creating a combustion region. The combustion process adds energy to the flow stream, thus augmenting the engine thrust. The combustion of fuel in the augmentor takes place between the engine turbine exit and the thrust-producing nozzle. The temperature of the exhaust gas is increased due to the combustion process. In addition, the velocity of the exhaust jet exiting the nozzle is increased by the augmentation. With the increased temperature and lower density for a given pressure, the flow area of the nozzle must be increased to pass the same mass flow. Therefore, the nozzle design for afterburning engines must include variable geometry capabilities. As a result, the nozzles are heavier and more complex than simple turbofan nozzles. When the afterburner is turned off, the nozzle exit area is reduced and the engine performs like a basic turbofan. In typical turbofan engines, the engine thrust level can be increased 50 to 70 percent above baseline by operation of the augmentor (Refs. 1, 4, 7-13).
The propulsive efficiency of a gas turbine engine during augmentation is significantly lower than that achieved during non-augmented operation, based on an analysis of the open Brayton thermodynamic cycle. The reduced efficiency results from the release of the heat of combustion during the low-pressure part of the cycle. The augmentor consumes significantly more fuel for the power it generates, and therefore is used sparingly in military operations. Augmentors are generally not used for commercial engines where specific fuel consumption and fuel cost are major operational concerns. The range in thrust requirement between takeoff and cruise is a challenge for the propulsion system designers. Therefore, for high-speed applications, despite the disadvantages previously mentioned, augmentation is attractive for meeting thrust requirements. A military jet uses its augmentor during take-off from short runways, such as aircraft carrier decks or during a high-speed military combat maneuver (Refs. [4] [5] [6] [7] . A supersonic commercial aircraft such as the Concorde, for which passengers pay a premium for shorter flight times, uses an augmentor to assist in take-off and acceleration to cruise conditions.
Military engines that utilize augmentors include the Pratt & Whitney F100-PW-229 turbofan engine, weighing approximately 3740 lbf and capable of delivering a takeoff thrust level equal to about 29,000 lbf at maximum afterburning, or max A/B (Refs.12-13). The General Electric F110-GE-132 jet engine is another example. The F110-GE-132 engine weighs approximately 4000 lbf and can deliver a takeoff thrust of up to 34,000 lbf at max A/B (Ref.14). These thrust levels represent more than double the thrust-to-weight ratio required for take-off of the heaviest commercial planes, such as the Boeing 747. Most modern fighter aircraft employ an augmentor on either a low-bypass turbofan or a turbojet design. Turbofan engines consume less fuel for the production of a given amount of useful power when compared with similar turbojet engines, and are therefore used on most passenger and military aircraft. The turbofan accelerates a larger mass of air to a lower velocity when compared with turbojet, resulting in higher propulsive efficiency (Ref. 11) . The inlet is not shown because each tactical aircraft features specific and unique inlet designs. The combination of the high-pressure compressor, combustor, and high-pressure turbine is referred to as the engine core or gas generator. In afterburning turbofans, the portion of the fan air that passes through the bypass duct is remixed with the core combustion products in the augmentor. The remixing occurs before the overall mixture is accelerated through the nozzle. When maximum or near-maximum thrust is required, additional fuel is injected into the augmentor flow path. The additional fuel mixes with the core stream and completely reacts before the flow reaches the nozzle.
The augmentor is the longest component of the engine and generally located immediately behind the turbine section and forward of the exhaust nozzle as shown in Figure 1 (a). The augmentor region includes the tail cone with igniters, spray bars, chute cooling and mixing hardware. In addition, the augmentor also includes a canister liner with film cooling that is designed to reduce the high pressure, high frequency acoustic oscillations referred to as "screech". A convergent/divergent nozzle with extensive film cooling and a variable throat area is located downstream of the augmentor exit.
The augmentor operates similar to a ramjet where the core engine bypass air is mixed with fuel, ignites, and is burned. Liquid fuel is supplied to the augmentor through a series of concentric manifold rings, or through radial struts, axially located close to the augmentor inlet, and each containing a large number of fuel injection sites. These arrangements offer excellent fuel distribution uniformity, or premixing, which in turn provides excellent combustion efficiency. The flame is typically stabilized using an array of bluff body flame holders consisting of V-shaped gutters. The flameholder are arranged in a single plane perpendicular to the flow direction. The flameholder are spaced either regularly or irregularly in either lateral dimension. The flameholder are located in fore and aft positions of the augmentor. These structures provide robust fluid recirculation zones within the flow cavity. The flame holders are responsible for spreading the flame uniformly across the duct providing high combustion efficiency (Ref. 14). In most practical situations, a number of flame holders are utilized (Ref. 4) , and a pilot flame ring is used to ignite and anchor the flame on the flame holders.
The J58 engine (figure 1b) utilized a unique bleed bypass system to match the core engine performance characteristics to its augmentor. This feature gave the J58 ramjet-like high Mach number thrust capability. Fuel is injected into the flow with a series of radial spray bars, circumferential (annular) spray rings, or both. Fuel is usually transversely injected (namely at 90 degree to flow) to enhance atomization and mixing through the shearing action of the freestream gas. In addition, as shown in figure 1 -b, the J58 used an uncooled circumferential ring flame holder configuration in the augmentor. This type of flame holder configuration is similar to many of the turbojet engines developed during the 1950s and 1960s. A cooling liner is used to feed cool air gradually along the boundary so that the case does not overheat. In addition, endothermic JP7 fuel combined with a chemical lubrication additive was used to thermally close the engine and the airframe. While JP7 has excellent endothermic characteristics, it is a difficult fuel to ignite. Therefore, a pyrophoric ignition system based on triethylborane (TEB) was used in the J58 (see fig. 1b ). These were technically innovative features for the 1960's time, but caused various durability and maintenance issues for this engine.
The F110-GE-132 turbofan engine features a radial strut augmentor, as shown in Figure 1c (Ref. 14). The radial strut augmentor design is simpler and offers improved maintainability and reliability, in comparison to a manifold ring design. In addition, a 50 percent or greater improvement in the lifetime of component parts is realized due to advanced cooling of the augmentor (Ref. 14). The design of the radial strut augmentor, including the fuel spray, radial gutter, flameholder, strut and the advanced cooling system was accomplished, in part, with the assistance of three-dimensional CFD analysis. A detailed description of F110-GE-132 enhanced augmentor is provided in Ref. 14. In past few years, a significant CFD multi-phase reacting flow calculation has been performed by Houshang Ebrahimi on the F110-GE-132 for spray bars optimum location, combustion efficiency, and thrust performance. 
Augmentor Design History
The design of an afterburner is simpler than for a primary burner. The afterburner does not have most of the blockages that are used by the combustor to induce good mixing. As a result, the efficiency is not as high as that of a primary burner. In fact, when afterburner is in use, a large percentage of the fuel is often burned in or after the nozzle. On the other hand, the pressure loss is not a large. Typical efficiencies are 70 to 90 percent, whereas typical total pressure ratios are 0.96 to 0.99 when the afterburner is ignited.
The afterburner basic design approach begins with the definition of overall design goals and their priorities: namely, performance, weight, size, cost, reliability, durability, and survivability and flight envelope conditions. Due to the basic engine and airframe operational requirements, the afterburner designer must consider all design and performance compromises/tradeoffs in a manner least detrimental to the performance of the overall afterburning system. For example, a reduction in afterburner weight or improvement in performance goals for a specified thrust and durability generally lead to increased cost, size and weight. The overall design goals reveal potential problem areas such as: combustion stability and efficiency, lean flame stabilization, dry pressure loss, burning length, mixing effectiveness, minimum temperature and pressure rise, reheat pressure loss, and etc. Variations in flameholder geometry, fuel spraybars/rings and mixer geometry have direct effects on afterburner efficiency and combustion stability.
A flame holder is a component of an afterburner designed to help maintain continual combustion. All continuous-combustion jet engines require a flame holder. A flame holder creates a low-speed eddy in the engine to prevent the flame from being blown out. The design of the flame holder is an issue of balance between a stable eddy and drag.
The simplest design, often used in amateur projects, is the can-type flame holder, which consists of a can covered in small holes. Much more effective is the H-gutter flame holder, which is shaped like a letter H with a curve facing and opposing the flow of air. Even more effective, however, is the V-gutter flame holder, which is shaped like a V with the point in the direction facing the flow of air. Some studies have suggested that adding a small amount of base bleed to a V-gutter helps reduce drag without reducing effectiveness.
The arrangement of flameholders is one of the dominant factors affecting afterburner performance. The best arrangement of flameholder is a function of the factors of environment in which the flameholder must operate. It is, obvious that a single optimum arrangement of flameholders does not exist for all possible environment conditions. Dimensional variations affect combustion stability and fuel-air distributions by creating wakes and interfering with spraybar/ring and flameholder relationships which can be evaluated using a CFD model for augmentor design study. With CFD simulation techniques, various parametric studies can be conducted more cost effectively to aid the design. Evidences of CFD cost effect has been proving in design of JSF GE-F136. The history of augmentor technology development is well documented (Refs. 14, [16] [17] .
During the past decade, higher exhaust temperatures and increased survivability requirements are major technical challenges. Meeting these challenges will require a substantial investment in technology development to ensure reliable and robust designs. To increase thrust-to-weight ratio, the combustor and augmentor systems must operate at higher overall equivalence ratios, inlet pressures, and temperatures than existing military aircraft engines (Ref. 17) . The increased temperature limits will primarily affect the design and material requirements of the diffuser, combustion chamber and augmentor. A key element in combustion and augmentor systems is the fuel injector/air swirler module. This module dictates ground ignition, altitude relight, lean blowout stability, the pattern factor, and smoke emission characteristics of the engine combustor. Maintaining a stable combustion process is a major challenge associated with augmentor design and operation. Various approaches are used to numerically and experimentally simulate and predict combustion instabilities (Refs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The numerical simulations are used to understand the combustion process and to develop control strategies.
In recent years there has been significant research activity to increase the thrust-to-weight ratio in the augmentor. Research and development by General Electric Aircraft Engines (GEAE), in collaboration with the USAF at Wright Laboratory, is focused on adapting a Trapped Vortex Combustor (TVC) design and approach for the gas turbine augmentor. The TVC is a fundamentally different approach to stabilize a combustion flame. In conventional flame stabilization approaches, swirl, bluff-body, and rearward facing steps are used to create low velocity re-circulation zones into which hot gases are entrained to stabilize the combustion reaction. In conventional approaches, the location, strength, and stability of the re-circulation zones, temporal and spatial, are coupled to the main flow in the combustor. In the TVC approach, the flame is stabilized by a vortex that is virtually independent of the main stream. Strategically placed air and fuel injection points in the forward and aft walls of the cavity are used to maintain and drive the vortex inside the cavity. This vortex recirculates the hot combustion gases within the cavity. These gases are then exhausted out of the cavity and transported along the face of the augmentor. When a vortex is trapped in the cavity, however, very little fluid is entrained into the cavity, resulting in very little exchange of main flow and cavity fluid. When flame stabilization is a consideration, a continuous exchange of mass and heat between the cavity and the main flow is required. To overcome this problem, it has been suggested to directly inject both fuel and air into the cavity in a manner that reinforces the vortex. Details of TVC approach for augmentor operations can be found in References 35-36. One of the challenges associated with the development of high performance augmentor systems is operation at near-stoichiometric fuel-air ratios. Augmentor operation at high fuelair ratios facilitates the suppression of large amplitude pressure oscillations that can accompany the combustion process. Disturbances of this type usually appear when pressure oscillations are coupled with an acoustic oscillation occurring during one of the many resonant modes of the system. Other factors that can affect combustion instabilities include fuel spray droplet injection location, fuel droplet size distribution, fuel evaporation rate and mixing behavior, ignition, flow blockage and flame holder geometry, and the heat release distribution of the combustion process.
The phenomenon referred to as "screech" (see Section 6.2) is a type of combustion instability characterized by high frequency, high amplitude pressure oscillations. The high pressures and temperatures accompanying low-altitude, high-speed flight is conducive to screech. The onset of screech during the combustion process contributes to an increased rate of flame propagation and improved augmentor combustion efficiency. However, screech also results in higher operating temperatures in the augmentor. Moderate to severe screeching conditions can cause rapid deterioration and failure of the augmentor liner, flameholder, and the fuel injection system. Numerous documented hardware failures have been encountered affecting the augmentor liner, flameholders and fuel system components after only a few minutes of operation during screeching conditions (Refs. 14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 34 ). To counteract this, practical augmentors are designed with a screech liner that consists of a hot (core) side and cold (fan duct) side. This allows for film cooling and some amount of screech suppression. The screech liner is generally designed to address high frequency combustion oscillations (> 1000 Hz).
Due to hardware damage of the augmentor during screech operating conditions, it is essential that an understanding of the screech phenomenon is gained and methods for eliminating screech are devised. Several investigators have studied augmentor screech phenomena (Refs. 20, 26, 34) . From these studies, several theories have emerged that attempt to describe the screech phenomenon. Thus far, the capability of these analyses to predict screech and the lowpressure acoustic coupling referred to as "rumble" has been limited. Rumble is a phenomenon similar to screech caused by low frequency oscillations in the augmentor. Rumble is a concern because it causes extreme structural vibrations in the engine, which can cause the engine to break apart, resulting in mission failure and, in extreme cases, loss of the entire aircraft.
The combustion process in augmentors is highly complex, and includes self-excited acoustic oscillations due to screech and rumble. The combustion process requires a coupled analysis of unsteady two-phase flow, turbulent, combustion, and acoustics. Significant progress in computational fluid dynamics (CFD) (see Section 6.5) is enabling further insight into the controlling physics for augmentor system operations. CFD tools have progressed to the point where they can be applied during the augmentor design stage. An example of CFD analysis applied to support augmentor design was documented by Ebrahimi and Ryder (Ref. 35) . Ebrahimi and collaborators have applied three-dimensional CFD models to simulate and analyze the injector spray environment and predict the full-scale augmentor flow fields for practical augmentors, including the F110-GE-132 engine, the Revolutionary Turbo-Advance engine (RTA), and the F-36 or Joint Strike Fighter (JSF) engine. The CFD simulations have supported the design and development of state-of-the-art augmentors.
A challenge for application of CFD tools to augmentor analysis is accurate simulation of the large-scale unsteady structures present in the augmentor flow field. For over a decade, large eddy simulation (LES) techniques have been investigated for this purpose (Ref. 37 ). The LES approach shows promise for accurately capturing the large-scale unsteady structures in the combustor flow field region. This method can potentially provide accurate unsteady statistics as well as time-averaged quantities critical to simulation of the transport processes important for predicting flame blowout. CFD tools using Reynolds Averaged Navier-Stokes (RANS) equations are increasingly reliable for use in engine component design, and will remain the workhorse design method for years to come. In contrast, LES modeling requires large computational resources, which limit practical and routine applications.
The work by Suresh Menon (Ref. 37) has demonstrated that LES models can be utilized to gain insight into screech and rumble phenomena. Further development of the LES model, however, is needed to provide computationally efficient and accurate high-fidelity models that can be utilized for simulation of reacting, two-phase flow environments. In addition, the LES approach must still be shown capable of predicting the flow in practical engine components, including all the primary and secondary flows, flow conditions ranging from low-speed subsonic, transonic and supersonic, and including complex geometry. Such a model must capture the effects of small scale turbulence on droplet dispersion, and turbulence modulation in the presence of both vaporizing and non-vaporizing droplets.
Operation and Combustion Oscillation
Operation of afterburner is made possible because the main burner combustion process consumes only approximately 25 percent of the total oxygen (they operate well below the stoichiometric condition) passing through an engine .Thus, the afterburners can burn up to the remaining 75 percent of the initial air... The main advantages of using an afterburning gas turbine engine cycle are in its weight and size which are much less than those of a turbojet engine required to produce the same periodic need for maximum thrust. Though the specific fuel consumption is much higher for an afterburner than a main burner, the economically attractive features for sustained flight are found in the reduced size and weight of an afterburning engine while maintaining the availability of additional thrust when needed. However, because they are permanently installed they will impact total pressure losses to the flow even when not in use (called the dry condition) and thus will decrease the thrust. Fundamentally, an augmentor for a gas turbine engine cycle is very similar to a ramjet engine attached to the turbine exhaust case. Physically, it consists of only four basic parts; the duct, fuel injectors, flameholders and an exhaust nozzle.
Stable augmentor operation is generally characterized by both static and dynamic stability. Static stability is associated with the ability of the system to maintain flames on flame holders over the entire range of operating conditions within the aircraft flight envelope. Dynamic stability refers to the unsteady character of the flame, where strong oscillations can create high cycle fatigue and/or high local heat transfer problems (Ref. 17 ).
The static stability or blow-off limit of a flame that is stabilized behind a bluff body depends upon the wake properties. Analysis of the non-premixed nature of the flow through an augmentor requires an understanding of the local properties of the flame holder wake and shear-layers. The reaction zone attached to the flame holders is associated with the flow shearlayers located between the core stream and the flame holder wake.
The purpose of the augmentor stabilization process is to establish a stable flame and uniform heat release that result in a continuous source of ignition over the entire flight envelope. Vaporization of liquid fuel is an important consideration in obtaining combustion stability. In the core flow, temperatures are high enough to insure that most of the fuel is vaporized. In the fan stream, however, temperatures can be so low that only a small fraction of the fuel will be vaporized. In this case, the stabilization mechanism must also vaporize the fuel. In most augmentor designs this problem is avoided by initiating the afterburning process in the core stream. The hot gas generated in the core is used to stabilize the flame within the fan stream (Ref. 4) . In current augmentor designs, flame stabilization is achieved by providing bluff body recirculation zones behind an array of flame holders that ignite the oncoming fuel-air mixture. The flame holder geometry can impact uniformity of the fuel distribution. A ring of flame holders is generally located downstream in the core flow. The flame is typically stabilized using an array of bluff body flame holders designed as V-shaped gutters. The flameholder design provides robust fluid recirculation zones in the flow and anchors the flame within the augmentor cavity. The flame holders are arranged to provide combustion uniformity while minimizing the effects of flow blockage and pressure losses. This is important because pressure losses resulting from the augmentor system directly decrease the thrust output achieved during non-afterburning mode where cruise operation and fuel consumption are the most important operational elements.
One of the most important parameters in any augmentor design is the weight savings realized by reducing the size of the propulsion system components. To reduce the axial length and achieve engine weight reductions, the fuel injection system must be located so close to the flame stabilizers that some of the liquid fuel is not vaporized when it arrives at the plane of the flame holders (Ref. 4 ). In such conditions, the flame stabilization system must accomplish some vaporization of the fuel in addition to producing a continuous source of ignition. The reduction in the length of augmentors has contributed to the susceptibility to acoustic instability, at both low and high frequency ranges.
Ignition of an afterburner is usually quite different because it is not linked to engine starting. There are several methods that are often used to ignite of an augmentor. One method is "hot streak" technique; extra fuel is briefly injected into one of the primary burner fuel nozzles. The extra fuel burns as it passes through the turbine and into the afterburner region, where it ignites the afterburner fuel. After afterburner ignition, the primary fuel flow is reduced to the normal flow rate. The second method is the torch technique. For this method a pilot light is mounted in one of the spray bars. As the name implies, the torch is constantly burning, and when afterburner fuel is injected the torch ignites the fuel. A third method is the spark method, which is similar to that used on primary burners. A fourth method that is sometimes used is a platinum-based element that is catalytic with the fuel and is located downstream of the fuel and mounted on the spray bar.
In general, ignition is more difficult to achieve when compared with combustion stabilization because velocity and temperature do not vary significantly at the augmentor inlet. In a practical augmentor, a pilot ring is used to ignite and anchor the flame on the flame holders and provide robust operability over the range of conditions required. The pilot flame is fueled directly and is configure to be very stable so that it anchors and maintains the augmentor combustion process over the whole range of operating conditions. High altitude relight is a primary challenge for augmentor ignition systems. The high altitude relight challenges are associated with low inlet gas pressure (low density) conditions in the augmentor which effects both the fuel vaporization and the ignition processes (Ref. 4 ). In addition, high pressures and temperatures that accompany low-altitude high-speed flight are conducive to acoustic instability.
Combustion Instabilities -Screech and Rumble
Increasing performance demands for military aircraft require combustor and augmentor operation at higher fuel-air ratios, while using smaller components. This increases the occurrence and intensity of combustion instability. Combustion stability problems occur in rocket motors, gas turbine combustors and augmentors when fluctuations in the energy release rate become coupled with the chamber's acoustic modes. In gas turbine combustors and augmentors, the pressure fluctuations can lead to reduced performance and severe structural damage. Another problem associated with combustion instability is flow reversal. During augmentor combustion instability, the magnitude of the pressure fluctuations may be 10% of the mean pressure while the associated acoustic velocity fluctuation range may be on the order of 80% of the mean velocity (Refs. 4, 26, 34). These fluctuation levels have been measured during augmentor rig experiments.
The combustion stability issues in turbine augmentors are related to the rate of heat release in specific directions. The directional heat release can be predicted based on heat release profiles and Raleigh combustion stability criterion. The coupling between combustion instability modes and the acoustic modes of the augmentor and nozzle geometries results in resonant interactions. These interactions generate large amplitudes and are highly undesirable regions for engine operations. The use of CFD to predict combustion dynamics in augmentors has its roots in the analysis of solid and liquid rocket propulsion systems. In recent years, the use and integration of CFD in the augmentor design process has renewed interest in the gas turbine world due to the desire to operate engines at leaner mixture ratios (Refs. 30, [38] [39] . Providing a complete CFD analysis that will accurately predict these complex interactions is the major challenge facing a researcher working in this area (Refs. 38-39).
The acoustic fluctuations are closely connected to the temporal and spatial characteristics of the flame in the peak heat release region. Rumble is characterized by low oscillation frequencies; typically in the range extending from 50 -120 Hz. Screech is characterized by higher frequency oscillations, ranging from 120 to 600 Hz. In both types of combustion instabilities in augmentors, the pressure oscillations are quite small in amplitude relative to those observed in rockets or ramjets. The need to operate gas turbine engines for thousands of hours without maintenance or overhaul implies these relatively small amplitudes are unacceptable. Due to its destructive nature, considerable effort has been expended by engine manufactures to understand and eliminate screech. The rumble oscillations involve coupling between the air and fuel supplies and the unsteady flow field conditions in the augmentor. Pressure fluctuations alter the inlet fuel and air flow rates, thereby changing the rate of combustion. At certain frequencies, the change in the combustion rate further enhances the pressure perturbation, leading to self-excited oscillations. Rumble mainly occurs at high fuelair ratios and at flight Mach numbers and altitudes where low duct inlet air temperatures and pressures exist. Augmentor rumble is generally associated with longitudinal combustion instabilities with acoustic frequencies between 50 -120 Hz.
Augmentor screech is identified by a high-energy acoustic tone created by oscillations in the combustion heat release process. Screech is influenced by a combination of factors including the location of the fuel spray injection sites, non-uniformity in fuel-air mixture fraction, atomization processes, evaporation rates, and the ignition process, quality of the upstream flow, blockage, and the flame holder geometry. An instability wave in the exhaust jet is generated by acoustic disturbances initiated near the engine nozzle exit, where the mixing layer is thin and most receptive to excitation. The augmentor is acoustically "closed", upstream by the hardware that makes up the turbine exhaust case and the fuel injectors, and downstream by the nozzle throat. Once acoustic waves are generated in the augmentor chamber, a relatively small percentage of those waves escape. Instead, they are trapped and reflected between the upstream and downstream boundaries.
The generated instability wave continues to grow as it propagates downstream by extracting energy from the mean flow of the jet, some of which propagates upstream around the outside the jet. At a distance of about five to six shock cells downstream of the nozzle throat, the instability wave has acquired sufficient amplitude to interact strongly with the shock cell structure inside the exhaust jet plume. Upon reaching the nozzle exit, the acoustic disturbances excite the shear layer of the jet, thus generating a new instability wave.
In turbine augmentors, radially non-uniform, high-enthalpy heat release profiles in the augmentor can stimulate strong longitudinal and circumferential standing acoustic waves, bounded in axial direction by the turbine exhaust exit upstream, and the nozzle throat downstream. The amplitude of the waves can rapidly cause severe structural damage to the augmentor liner. Presently, this limits the operability of the augmentor to lower augmentation levels, typically with fuel injection in the inner core of the flow, only.
Typical pressure oscillations and wave frequency for the augmentor in a gas turbine engine augmentor are summarized in Table 1 . The frequency and amplitude data shown is based on experience gained at the AEDC augmentor test facilities, and as documented in the augmentor In general, the driving instability of an augmentor can be reduced by: (1) designing the augmentor so that the principal combustion zones do not coincide with regions of maximum pressure amplitude thereby reducing the driving potential and; (2) increasing the acoustic damping potential so that the oscillations are damped faster than they are generated (Ref. 34).
Various augmentor configuration changes that can affect the driving potential and damping potential are discussed in the following section.
Screech Reduction
In the previous section, screech was identified as a high frequency, high pitched noise component that can be measured in the sound spectra of a supersonic jet. Screech is characterized by the interaction between vortices and shock waves producing strong acoustic pulses. A feedback loop is produced as the result of sound waves traveling upstream in shear layers and subsequently creating disturbances that propagate back downstream. In general, the reduction in the acoustic instability includes two strategies: minimizing the driving potential and increasing the damping potential. The first approach seeks to reduce the underlying selfexciting mechanisms, i.e., the driving potential. The driving potential can be reduced by designing the augmentor so that the primary combustion zones do not coincide with regions of maximum pressure amplitude. The regions of maximum pressure amplitude, for example, occur the areas near the walls when transverse acoustic modes occur. Application of this strategy requires an understanding of the underlying feedback mechanism of screech and, if implemented correctly, it eliminates the root cause of the underlying problem. One practical approach has been to reposition, reconfigure or cap individual fuel injection sites so that the heat release and pressure oscillations are now decoupled. This approach adjusts the acoustic properties of the fuel supply system and "tunes" the supply lines so that the fuel flow modulation induced by the fluctuating pressure drop results in heat release oscillations that damp the instability (Ref. 4) . Over the past 20 years, engine manufacturers have brought instability levels within acceptable limits in certain augmentor designs by maintaining a certain amount of diffusion flame piloting, even when it is not required for flame stabilization. This strategy generally increases the NOx emissions of the turbine, with must be considered as a trade-off emissions penalty.
The driving potential can also be reduced by altering the chemical composition of the reacting mixture so that the reaction rates are relatively insensitive to pressure and temperature changes. This provides an appreciable time lag in reaction rate changes. A sufficient understanding of the driving mechanisms affecting screech as well as accurate kinetic rates for hydrocarbon chemistry is required to tailor the combustor and the fuel compositions to take advantage of these principles. Presently, this information is limited. Consequently, attempts to reduce the driving potential are usually based on trial-and error procedures in which design features that affect the driving potential are varied. A practical issue that limits the effectiveness of these approaches to reduce the driving potential is that they generally apply only over a certain range of conditions. Adjusting the fuel injector location so that the system is stable at one power setting, for example, often results in humming at another setting. In addition, it is difficult to develop control strategies that simultaneously suppress all unstable combustor modes. Furthermore, modifications of augmentor elements, such as redesign or minor adjustments of the locations of flame holders, radial gutters and fuel spray bars over the entire range of operating conditions can be time consuming and prohibitively expensive to implement.
The second approach increases acoustic damping in the augmentor so that oscillations are damped faster than they are generated. The advantage of increasing the damping potential is that it does not require a fundamental understanding of the instability mechanism. Increasing the damping potential has always been applied in augmentors. This strategy is typically implemented by utilizing a perforated liner that derives its damping influence through a Helmholtz resonator response. This is an effective way to counter the undesired effects of high frequency combustion instability and resulting high intensity noise. A Helmholtz resonator consists of a narrow diameter tube connected to a large volume. It is the acoustic analogue of a spring-mass system or an L-C circuit, and is characterized by an enhanced response at a resonant frequency. The tonal frequency heard while blowing over a bottle (a simple example of Helmholtz resonator) corresponds to the Helmholtz frequency (Ref. 15 ). This frequency can be tuned by adjusting the resonator volume or neck length. A quarter wave tube is simply a pipe with an open and closed end whose resonant frequency is tuned via the pipe length. When placed in the wall of a combustion chamber, either device can serve as an effective band pass filter. If the resonator is tuned such that its resonant frequency coincides with the instability frequency, the instability amplitude can be substantially reduced (Ref. 15 ). The damping response of perforated liners typically increases with increasing frequency, as illustrated in Figure 2 . As combustors and augmentors increase in size with core growth, the fundamental acoustic frequencies decrease in proportion. This makes it more difficult to obtain adequate damping at the acoustic frequency of the chamber. Thus, the risk for combustion instabilities is significantly higher for advanced engines having less overall damping and higher energy release rates. According to observations, the screech liner can suppress oscillations by 10 to 70 percent (Refs. 17, 26, 34). The perforated liner also serves as a cooling source where the relatively cool turbine-discharge gases flow in the region between the liner and the augmentor shell. 
Experimental Measurement of Combustion Instability
Measurement of augmentor combustion instabilities is an important aspect of monitoring exhaust system health to prevent component failures due to high cycle fatigue. Durability of the augmentor hardware including the screech liner, spray bars, flameholders and other exhaust system parts can be directly related to the acoustic or dynamic pressure environment these parts are subjected to during thrust augmentation.
In modern combustion systems in which the design constraints necessitate very large heat loadings, strongly coupled combustion oscillations can limit the operating margin and lead to unsatisfactory performance. Thermo-acoustic oscillations in these devices can have a severe impact on their performance with respect to combustion efficiency, pollutant emissions, and service life. Currently, applied design procedures to reduce augmentor combustion instability consist of costly cut-and-try testing where variables such as flow path geometry and/or secondary flow splits have been modified to change the intrinsic acoustic and fluid dynamic properties of the device. This procedure has become unsatisfactory due to economic and project schedule constraints. Aircraft engine manufacturers are seeking more efficient methods to combat the combustion instability problem. Recently, the idea of actively controlling combustion oscillations has gained research attention (Refs. 40 -44.). The active control systems investigated are designed to suppress unstable combustion oscillations by modulating combustor inputs, such as air and fuel flow rates or directly modulating the pressure field with an acoustic source. When these parameters are modulated at the appropriate phase and magnitude with respect to a combustion oscillation, the oscillation can be suppressed. Most of the active control experiments have been performed in simplified bench top test rigs with relatively low heat release rates (1 to 15 kW).
Current Practice in Measurement in screech
Currently, the most common approach for monitoring combustion acoustic instabilities involves the use of flush mounted, high response pressure transducers. High response pressure 0 800 Hz 1000 Hz Frequency Damping transducers include Kulite® and Kistler® transducer locations are depicted in Figure 3 . These measurements are digitally processed at scan rates high enough to encompass the frequency response of interest. The measurements are processed using fast Fourier transform (FFT) algorithms either for on-line monitoring or post-event analysis. These measurements are compared directly to discrete response pressure levels established from structural limits. An example of post-event processing of a thrust augmentation transient is shown in Figure 4 .
Recent turbine engine development programs have included sufficient measurements for acoustic mode identification in both the transverse and longitudinal orientations. The measurements include as many as 40 pressure transducer measurement sites. 
Advanced Design Methods for Screech and Rumble Avoidance
Optical methods of measuring combustion oscillations are potentially more sensitive, discriminating, and rugged than conventional acoustical and pressure sensitive devices. These methods have the advantage of being completely non-intrusive. However, optical access can be difficult to obtain and data throughput can be massive, especially for the high-speed imaging techniques. There are two optical methods currently under development at the U.S. Air Force Research Laboratory (AFRL). The first method monitors temporal fluctuations in infrared emitting species through multiple lines-of-sight at the nozzle exit. Emission fluctuations are then Fourier analyzed to determine the magnitude and frequency of the combustion instability.
Early testing has shown good correlation with increased sensitivity compared to traditional high frequency pressure transducers. Frequency spectra observed with this method can detect non-random peaks corresponding to engine rotor speeds with underlying large, random radiance fluctuations associated with the augmentor plume. The goal is to use this method to identify unstable contributions from individual fuel-injectors in the augmentor. The second method couples an imaging probe to a high-speed camera through a coherent fiber-optic bundle. This method is used to acquire high-speed (1 to10 kHz) imagery of the augmentor flame front. Image analysis will be used to determine the excited acoustic mode (radial, longitudinal, helical, and mixed). Fourier analysis of image sequences will be used to determine the screech frequency.
An experimental program is being conducted at the Georgia Tech Aerospace Combustion Laboratory, in collaboration with AEDC, to characterize liquid fuel jet breakup and fluctuations that can generate acoustic waves. These waves can travel through an afterburner at conditions similar to those found in a turbine engine augmentor. Jet-A fuel is injected from a 0.018-inch-diameter orifice located in the side of a 0.187-inch-diameter cylindrical spray bar oriented perpendicular to a heated air-stream. Fuel spray motion has been recorded for sixteen test conditions using a Phantom V5.0 TM high-speed CMOS camera manufactured by Vision Research, Inc. A representative sequence shown in Figure 5 was acquired using a laser pulse rate of 10,000 pps, with backlight illumination from a pulsed Copper-vapor laser synchronized with the camera shutter. The ~35 nsec duration of each ~1.0 mJ laser pulse was sufficiently short to provide instantaneous snapshots of the spray plume development sequence. Timeresolved propagation of plume structural features is indicated by the displacement of colored arrows in successive images. The small-scale features that appear as the jet is turned by the airstream are thought to have been caused by high frequency liquid-film instabilities that often occur when a liquid jet is injected normal to a gaseous cross flow. 
Numerical Simulation of Augmentor Flow
Introduction CFD methods are the key enabling technology for aerodynamic development and they hold exceptional promise for improving performance and reducing the design cycle time for augmentor, high lift systems, and engine installations. CFD analysis also complements wind tunnel testing and eventually, as CFD reliability and accuracy are improved and fully validated, will enable such testing to be shortened, further saving development cycle time. To a lesser extent, CFD studies will also substitute for some flight test work in the future.
In augmentors, the theoretical and practical areas of interest include ignition, combustion efficiency, performance, pollutant and noise emission, and flame stabilization. Combustion instabilities cause undesirable noise emission at low power settings and mechanical damage at high power settings. The undesirable effects of combustion instabilities include destruction of the augmentor liner due to the increased frequency of velocity oscillations that leads to increased heat transfer to augmentor walls, resulting in blow-out or flashback, in the case of high amplitude oscillations. The fundamental issue is to understand when and how the pressure oscillations of the reacting flow reach levels that are unstable for engine operation. It is widely thought that the coupling between fluctuations of the heat release rates and pressure oscillations are the primary drivers of combustion instability (Refs. 34, 37, 39).
Building on more than 70 years of active research, aerodynamics, turbulence and combustion continue to be investigated. Numerical modeling of augmentor especially in combustion instability is challenging because the model must accurately resolve very large range of time scales, extending from 1.0 sec to 10 -10 sec. In addition, the time scale resolution must capture interactions of a highly non-linear nature, particularly that of chemistry and turbulence interactions. For example, turbulent mixing instabilities lead to chemical concentration and combustion heat-release fluctuations. Such fluctuations can generate acoustic waves, which can propagate upstream to the fuel injector hardware and fuel feed lines, and generate equivalence ratio fluctuations. This mechanism is particularly relevant for the gas turbine augmentor as large time scales play an important role in flame stabilization through vortex breakdown.
Numerical simulation of the aerodynamic vortex breakdown process is challenging. Despite research conducted over the past several decades, the mechanisms of vortex break down are only partially understood. The main modelling difficulties are related to the unsteady behaviour of this type of flow including large structures that result from vortex breakdown and swirling shear-layers. These directly affect the flame stabilization leading to heat-release fluctuations and combustion instabilities (Refs. 24, 45) . A model that accounts for unsteady compressible, multi-phase reacting, multi-species fluid is essential in order to capture the coupling between pressure oscillations, vortex dynamics, and combustion heat release that occurs in augmentor flows. As the engine design becomes more compact with integrated fuel injectors, active aircooling at flow path surfaces, and reliance on flame piloting behavior, the ability to use traditional design rules becomes inaccurate and unreliable.
Significant progress in CFD development in recent years has provided further insights to the controlling physics for augmentor systems. These models are being applied in the development stages of augmentor design. Recent application examples indicate moderate success in capturing blowout phenomena. These solutions include unsteady Reynolds' averaged Navier-Stokes (or RANS) models with detailed probability density function (or PDF) turbulent-chemistry interaction models (Ref. 36 ) and large eddy simulation (or LES) models that also include the effects of turbulent-combustion interactions. (Ref. 37) . From these studies, it is clear that unsteady CFD methods show promise for predicting complex time-dependent flow behavior. The proper use of these tools requires highly skilled and experienced engineers and large-scale parallel computer networks. Interpretation of the results, probably the most significant factor is determining the usefulness of any CFD effort, also requires skilled and experienced engineers and designers. Further validation of the numerical simulation tools for augmentor flow fields is needed to establish guidelines for resolution versus accuracy.
Numerical Modeling Issues
Modeling issues relevant to the prediction of augmentor operability can be summarized as follows:
• Coupled numerical solutions including mixing, kinetics and liquid fuel injection and evaporation physics are required. The benefits of a coupled solution scheme include quantitative predictions of combustion efficiency, heat release, stability and dynamics over a wide range of operating conditions.
• The model must account for enthalpy variations that occur as the freestream Mach number varies and fresh air is added at different initial enthalpies. The combustion model must account for the pilot flame combustion products as well as including the pressure effects, which are currently ignored by numerical models.
• Careful analysis and testing is required to quantify extinction conditions, stability loops, and the importance of ignition delay coupled with chemical reaction times. Experimental studies are needed to understand the significant impact on altitude re-light capabilities and flame stability at all power settings.
• The confident level and reliability of numerical simulations must be improved as well as the application practicality in order to utilize software tools to assess design modifications that minimize operability risks, improve augmentor operating efficiency, and minimize cooling flow and liner thermal risks.
• Combustion physics sub-models, improved geometry definition, experimental data are key to improving code accuracy.
Numerical simulation tools are currently being applied by the engine manufacturers to assist in augmentor design and in understanding the unique aerodynamic and combustion flow features in this component. In general, however, these tools have not been rigorously validated for augmentor applications, mainly due to the lack of openly available geometry and flow data for practical augmentor designs. The key modeling issues and boundary conditions for each component for a gas turbine augmentor are shown in Figure 6 . The quantitative accuracy of aerodynamic and combustion simulations are greatly improved when the boundary conditions are specified using inputs from all the engine components contributing flow to the augmentor. 
Application of Numerical Simulation to Augmentor Design
Transient CFD methods are not widely used for stability and control purposes in gas turbines.
Estimates are initially based on handbook values, prior experience, and some experimental model testing. In the next few years, as the speed and accuracy of CFD tools improve and validation experience expands; they will be used increasingly for estimating unsteady stability and control characteristics. Such improvements will allow the achievement of substantial reductions in wind tunnel testing. Based on aircraft parametric design studies, the improvements in CFD technology are expected to result in: Weight savings; cost savings; time saving, and increase in thrust performance. CFD tools are crucial for designing fuel efficient gas turbine engines. Mature multi-physics CFD technology is required for the performance prediction of all engine components, such as intake, fan, axial and centrifugal compressors, combustor, turbine, and exhaust.
In general, for turbulence flow simulations, CFD approaches include direct numerical simulation (DNS) for basic research, large eddy simulation (LES) for advanced industrial simulations, and Reynolds' averaged Navier-Stokes (RANS) which has become the standard for industry application. For many years, RANS have been the only CFD approach to numerically simulate complex flows in reasonable time frames. In the RANS approach, the solution utilizes time-averaged variables in which all scales are modeled in the same way. In this approach, there is no difference between large-scale turbulence structures and small dissipative turbulent scales. Furthermore, an unsteady simulation is applicable for external forcing, while the solution evolves to the steady state for all the other cases. In the LES approach, the large-scale motion is fully resolved on the computational grid using a time-and space-accurate scheme. In this approach only the small scales are modeled. For smaller, dissipative scales (i.e. smaller than the grid size), LES utilizes sub-grid models, including sub grid models for turbulence and turbulence-combustion interaction. Compared to the DNS approach, LES modeling loses the description of small scales. Compared to the RANS approach, LES gains the instantaneous resolved fields. LES is potentially useful due to its ability to capture unsteady phenomena, however, it must be demonstrated and validated on practical augmentor systems, and experience must be gained with its application.
Combustion instabilities arise as complex interactions resulting from turbulent fluctuations, fuel/air mixing, flame response to perturbations and thermo-acoustic waves. Consequently, resolving large turbulent structures enables CFD to directly capture the combustion instability. Currently, most combustor analysis is performed using steady-state Reynolds' averaged Navier-Stokes (RANS) methods. These methods cannot assess transient combustion instability events, such as combustion dynamics, lean blowout, ignition and flashback. Typically, LES calculations capture the unsteady vortices and eddies seen in shear layers and boundary layers sufficiently to resolve acoustic pressure waves within augmentors.
However, for some reactive conditions, LES may not be very accurate. These conditions occur when the reactants are well mixed and the molecular collisions occur at very small length scales. This implies that under some reacting conditions, the small scales are not only dissipating but are also reacting. In these cases, the reactions are concentrated at the scales that are modeled but not resolve directly. This means sub-grid scale (SGS) models must be physically correct. Therefore it is stressed that in both RANS and LES, the reacting small scales are not resolved. For this reason, many turbulent combustion models can be applied in both approaches (Ref. 36) .
It is important to stress the lack of experimental data for validation of LES simulation physics. Currently, the validation is limited to comparison of CFD results with mean and RMS measurement values. In a few cases, characteristic shedding frequency measurements are available for validation. This is a serious problem that will have to be resolved with the help of experimentalists. CFD modeling and validation requires accurate experimental data at certain key "reference planes" in the gas turbine augmentor flow domain. Validation data requirements depend on where the reference plane is located within the flow domain. The CFD models should be validated and evaluated in conjunction with an experimental program using the actual fuels and operating conditions that represent the combustion processes and strong acoustic waves in the hot sections of military turbine engines. CFD has come a long way in the last 20 years and has become essential to good designs. It, coupled with an understanding of the physics involved, will be one of the key tools in improving the augmentor design process
In general, the types of measurements needed for CFD validation includes the following:
• The spray rate, pattern, spray angle, fuel spray droplets size distribution, turbulence generation, recirculation effects associated with injector spray nozzles.
• .Flame shapes, temperature profiles, flame spreading rates, flame stability.
• Turbulence and swirl levels and their distributions.
• Chemical species profiles in the flame including CHx, NOx , soot, CO2 , H2O, OH and other radicals and fuel fragments.
• Temperature profiles at the nozzle contraction inlet, throat, near walls, etc.
• Thermal loads on hot structure parts, including wall metal temperatures.
• Effects of varying turbine/fan swirl on flame structure, flame spreading, turbulence, and selected other variables
• General unsteady environment of the augmentor including flow separation points that initiate vortex shedding events in the combustor.
Application of CFD to Design Analysis of a Generic Augmentor
To demonstrate flow simulations for a typical gas turbine augmentor condition, generic augmentor geometry was generated. The augmentor geometry shown in Figure 7 , including key hardware features for modern gas turbine augmentors. The model includes spray bars, with provision for either gaseous or liquid fuel injection. It also includes a split casing allowing for separate core and bypass flows. In this case, the core flow issues directly from the gas turbine with vitiated, swirling flow boundary conditions. The bypass flow comes directly from the compressor supplying fresh, cool air for mixing with the core flow and also used to cool the downstream liner. The spray bars are attached to a center body. These components represent a suitable test case Figure 7 . Generic augmentor geometry for the simulated augmentor with bluff body flameholder, with approximated geometry flow features. Flow conditions for wide range of typical inlet conditions for the main combustor and the augmentor in a gas turbine engine are listed in Table 2 . Table 2 . Typical inlet flow condition for combustor and augmentor gas turbine engine.
Inlet Flow Condition Main Combustor Augmentor
Calculations were completed using a three-dimensional steady state RANS model as implemented in the FPVortex code developed by Flow Parametrics, Llc (Ref. 46) . Source terms in the continuity and momentum equations include the effects of evaporation and the force exerted by the liquid phase. The frequency of the rumble oscillation is far below typical turbulent eddy frequencies so that quasi-steady flow conditions prevail. The turbulence time scales and local turbulence intensity are obtained using the k -ε turbulence model. Heat release of the Jet-A fuel is modeled using the eddy dissipation concept (EDC) model. The thermo-chemistry is described in terms of the mixture fraction and its variance, which are obtained by solving the transport equations together with momentum and k -ε equations.
The objective of this CFD application is to provide a simulation of the complete augmentor region and determine regions where screech and rumble potential are high. To efficiently utilize computer resources, RANS modeling was performed in this analysis. The calculation started at the turbine exit and terminated at a predetermined distance aft of the exhaust duct liner. The computational domain included wall flameholders, radial heat shield/flameholder, centerbody, spraybars, liners, and blockages due to struts and hangers. Liner, screech, and cooling holes were treated as porous walls in the analysis. The geometric complexity of the augmentor was accurately modeled with a grid system that exceeded two million grid points.
An augmentor sector computation including liquid spray fuel droplet injection, evaporation and combustion was performed. Two simulations were performed, representing fueling at a lean fuelair ratio (FAR = 0.01) condition (minimal augmentation), and at a higher fuel-air ratio (FAR = 0.023) condition (maximum augmentation). The solutions were examined to confirm the overall combustion processes, such as axial heat release rates and formation of the shock wave at the nozzle throat. A view of the liquid fuel droplet trajectories is shown together with the spray bar hardware in Figure 8 . The solution shows the characteristic trajectory of liquid fuel spray droplets in cross flow as it penetrates the cross flow, and bends downstream until the droplets are fully evaporated. As the droplet evaporates, it leaves behind a fuel vapor trail which reacts with oxygen in the cross flow if the flammability and temperature conditions are suitable. This type of computational study is effective in providing detailed flow information to augmentor designers for use in tailoring the fuel spray droplets injection pattern to achieve optimum fuel penetration and rapid evaporation.
The results of a three-dimensional numerical simulation of a 4-region periodic sector of the generic augmentor are shown in Figures 8 through 10 . Views of the liquid fuel spray droplets trajectories are shown in Figure 8 originating from surface mounted orifice injectors spaced radially along the fuel struts, at constant axial location. In this configuration, there are six (6) orifice fuel injectors along the strut in the core flow and an additional two (2) injectors inside the bypass flow above the splitter plate. At the selected liquid jet momentum flux ratio, the spray droplets are seen to penetrate approximately halfway from one fuel strut to the other. Spray droplet penetration can be controlled in several ways to provide optimum fueling, including spacing of the injector orifice, and specification of the initial droplet diameter and velocity through variation of the injector pressure drop.
Characteristic flame patterns for radial fueled augmentor spray bars are noticeable in Figure 9 , demonstrating the impact of hardware shape on the combustion pattern. The axial heat release distribution, shown in Figure 9 indicates streamlined combustion zones in alignment with the upstream fuel injection locations. Total temperature and Mach number contours at constant time frame are shown in Figure 9 . These figure shows each liquid fuel spray droplet, initialized using a standard Rosin-Rammler droplet diameter distribution (Ref. 47) at the orifice tip. The spray droplets are visualized by diameter, so that at the end of the droplet trail, the droplets have evaporated completely. Figure 10 includes computed reacting flow patterns due to the liquid spray fuel droplet injection, evaporation and combustion at the augmentor center plane.
The results shown in Figure 9 compare the flow at a center plane for a partial fueling case (inboard fuel injectors only are active) and a fully fueled case (all fuel injectors active). Clear differences are observed for the axial and radial heat release patterns, with the partially fueled case only heating up the inner core of the flow near the duct centerline. The fully fueled case, fueled to stoichiometric conditions, results in heat release throughout the duct. Mach number contours are similar for the two cases indicating the fueling scheme does not radically alter the supersonic flow through the nozzle, although small differences in peak Mach number and Mach number distribution along the nozzle are apparent. To demonstrate flow calculations for the gas turbine augmentor case with heat release gradients, the existing flameholder size was reduced by 15 percent. All models were the same as the previous calculation except the reduction in flameholder size. Computed total temperature contours at constant time frames showing reacting flow patterns due to the liquid fuel spray droplets injection, evaporation and combustion are shown for the axial cross-section of the center plane in Figure 10 . This figure shows an axial slice through the augmentor taken between the fuel bar and flameholder. The static temperature distributions from the turbine exit to the nozzle exit are shown. The axial temperature gradient in two different locations demonstrates the tangential variations in the combustion pattern, which may indicate a potential for combustion instability.
The accurate prediction of liquid jets penetrating and atomizing in vitiated airflows is a critical technology needed for the design of current and future gas turbine augmentors. In particular, the accurate prediction of the fuel-air ratio in the wake of augmentor flameholders is needed to assess and improve static stability, and to control flame spreading and overall augmentor performance. CFD tools have progressed to the point where they can be applied during the augmentor design. However, CFD predictions can underestimate the wake fuel-air ratio by 80% or more, because of an inaccurate prediction of spray atomization near its injection location. Current CFD-based Jet-In-Crossflow (JIC) atomization models utilize empirical stripping/breakup correlations based on experimental measurements of single drops or inferred from farfield droplet measurements. These correlations need to be modified/calibrated before accurate JIC CFD predictions can be made. One way to obtain the required information is to take detailed measurements in the JIC nearfield. Unfortunately, it is extremely difficult to obtain high-speed photographs of the jet and nearfield droplet measurements of the stripping rate/drop size distribution/drop velocities at augmentor operating conditions.
Simulation of the entire break-up process using first principles is at present too complex from a CFD point of view. In many of the engineering design codes, drops size are introduced into the computational domain after secondary break-up based on measurements or user observation. This requires many tests to be performed and does not include the effects of spray behavior prior to secondary break-up. In our simulations, the liquid phase is treated by solving the Lagrangian equations of motion and transport for the life histories of a statistically significant sample of individual droplets. This involves dividing the droplets into n groups (defined by position, velocity, temperature and diameter) at the fuel nozzle exit and then computing their subsequent trajectories in the flow. The liquid fuel is assumed to exit from the fuel nozzle as a fully atomized spray comprised of spherical droplets. In this simulation, the model does not account for the effects due to droplet breakup and coalescence processes which might be significant in a dense spray situation. For liquid fuel spray droplet modeling, the assumptions were used in specifying spray initial conditions, such as uniform droplet size distribution, velocity magnitude and directions, temperature, and injection location. To illustrate the significant sensitivity of the atomization and droplet size on fuel air ratio in wake area, four calculations with different droplet size were performed. Figure 11a shows the liquid spray droplet trajectories. Figure 11b (Y* is normal location, 0 is the mean lower wall) shows the fuel air ratio distribution of the JP8 fuel for each droplet size simulations stating at exit of the fuel nozzle. As can be seen from this calculation, the larger droplet size fuel/air ratio is much smaller than for smaller size droplets because the larger droplets do not evaporate as quickly as for smaller droplets. This is very important factor in design and development process to achieve optimum ignition and performance in the afterburner. 
Summary
To remain competitive, airframe manufacturers need significant improvements in the aircraft design process which will include: shorter design cycle time; lower weight; lower price; higher thrust, and lower operating and design costs. To increase the thrust-to-weight ratio, the afterburner system, will be required to operate at much higher overall design equivalence ratios, inlet pressures, and temperatures than the existing military aircraft engines. A key augmentor system component is the fuel injector/air swirler module which dictates ground ignition, altitude relight, lean blowout ~stability! pattern factor and smoke emission characteristics of the engine's combustor. Various approaches are presently used to predict combustion instabilities Combustion instability in augmentors can be classified in two categories, referred to as "screech" and "rumble". Rumble is characterized by low oscillation frequencies, typically in the range extending from 50 to 120 Hz. Higher frequency oscillations, ranging from 120 to 600 Hz, are known as "screech". Augmentor pressure oscillations are smaller in amplitude relative to those observed in rockets or ramjets. However, the need to operate gas turbine engines for thousands of hours between maintenance and overhaul implies that even the relatively small pressure oscillation amplitudes are critical. The combustion instability resulting from pressure fluctuations in gas turbine augmentors can lead to reduced performance, structural damage and poor flow characteristics... It is widely accepted that the coupling between fluctuations of the heat release rate and the pressure oscillations is the driving force attributed to combustion instabilities. The magnitude of the pressure fluctuations associated with combustion instabilities may be 10% of the mean pressure while the associated acoustic velocity fluctuation range is on the order of 80% of the mean velocity.
The approaches utilized for screech and rumble mitigation include reduction of the driving potential and increase of the damping potential. The driving potential can be reduced by designing the augmentor such that the principal combustion zones do not coincide with regions of maximum pressure amplitude. Increasing the damping potential is accomplished so that the oscillations are damped faster than they are generated. Damping potential provides an advantage in that it does not require a great deal of understanding of the instability mechanism in order to implement. Damping potential has always been required in the augmentor and is typically provided by a perforated liner, which derives its damping influence through a Helmholtz resonator response. It is observed that the screech liner can suppress the oscillation amplitude by 10 to 70 %, and is thus more effective in screech and rumble reduction than driving potential reduction.
Screech and rumble arise as a complex interaction between turbulent fluctuations, fuel/air mixing, flame response to perturbations and thermo-acoustic waves. Consequently, resolving large turbulent structures enables CFD calculations to directly capture the combustion instability. Currently, most augmentor simulations are performed using steady-state Reynolds' averaged Navier-Stokes (RANS) methods. These methods cannot assess transient combustion instability events, such as combustion dynamics, lean blowout, screech, ignition and flashback. Ideally, LES calculations resolve the unsteady vortices and eddies observed in shear layers and boundary layers. The resolution of these CFD solutions is sufficient to predict acoustic pressure waves inside augmentors. Practically, for the simulation of complex engineering flow paths such as the gas turbine augmentor, CFD approaches are currently limited to the steady state RANS model for design and development efforts.
Recommendations for improvement. The most significant payoffs for implementing advanced technology will be in the areas of increased performance, stability, operational limitations and the reliability, durability and Survivability. Specifically, some of the augmentor needs are: 1) increasing stability all flight envelope, 2) reducing dry pressure loss and pressure spikes (which can contribute to stagnation stalls), 3) shorter augmentation system length:, 4 ) improved combustion efficiency to 95%, 5) decreased weight, cost and size of each augmentor unit, 6 ) higher inlet temperature as needed 7.) Utilizing Modeling tool to improve the Augmentor design process. 8) Experimental Data in dense area for fuel spray are Keys to Improving Spray modeling, for atomization/Breakup and droplets interaction. The current models are lacking. Fuel spray data at dense region at augmentor conditions in cross flow required to calibrate existing models for time and space resolved atomization/break up and droplets interaction predictions. 10) Practical Reduced Kinetics Mechanisms for Hydrocarbon.
